] The DC* method of Gruber et al. (1996) is widely used to estimate the distribution of 15 anthropogenic carbon in the ocean; however, as yet, no thorough assessment of its 16 accuracy has been made. Here we provide a critical re-assessment of the method and 17 determine its accuracy by applying it to synthetic data from a global ocean 18 biogeochemistry model, for which we know the ''true'' anthropogenic CO 2 distribution. 19 Our results indicate that the DC* method tends to overestimate anthropogenic carbon in 20 relatively young waters but underestimate it in older waters. Main sources of these biases 21 are (1) the time evolution of the air-sea CO 2 disequilibrium, which is not properly 22 accounted for in the DC* method, (2) a pCFC ventilation age bias that arises from mixing, 23 and (3) errors in identifying the different end-member water types. We largely support the 24 findings of Hall et al. (2004) , who have also identified the first two bias sources. An 25 extrapolation of the errors that we quantified on a number of representative isopycnals to 26 the global ocean suggests a positive bias of about 7% in the DC*-derived global 27 anthropogenic CO 2 inventory. The magnitude of this bias is within the previously 28 estimated 20% uncertainty of the method, but regional biases can be larger. Finally, we 29 propose two improvements to the DC* method in order to account for the evolution of air-30 sea CO 2 disequilibrium and the ventilation age mixing bias. [Key et al., 2004]. The 44 other is the formulation of the DC* method, which is an 45 empirical procedure to separate the small anthropogenic 46 signal from the much larger, inorganic CO 2 background in 47 the ocean [Gruber et al., 1996] . The DC* method has been 48 applied to all three major oceanic basins [Gruber, 1998; Lee 49 et al., 2003; Sabine et al., 2002 Sabine et al., , 1999. In a summary of the 50 WOCE/JGOFS data analyses, Sabine et al. [4] The DC* method has been a subject of much scrutiny. 84 For example, Hall et al. [2004] examined the reliability of 85 chlorofluorocarbon (CFC) concentrations as means to de-86 termine the water parcel ventilation age, which is needed by 87 the method to estimate the air-sea CO 2 disequilibrium. They 88 conclude that because the CFC-derived ventilation ages 89 tend to be biased young, the amount of anthropogenic 90 CO 2 in the ocean is overestimated. Other studies have 91 compared the anthropogenic CO 2 reconstructions from the 92 DC* method with those from other methods as they 93 were applied to the same sets of hydrographic and carbon 94 data [Coatanoan et al., 2001; Sabine and Feely, 2001; 95 Wanninkhof et al., 1999]. They found substantial differences 96 in the anthropogenic CO 2 estimates but were unable to 97 explain the discrepancies and determine with confidence 98 which methods were superior. More recently, Matsumoto et 99 al. [2004] showed that the same ocean carbon cycle models 100 that can adequately simulate the distribution of natural 101 radiocarbon and CFC inventories are unable to reproduce 102 the inventory of anthropogenic carbon as estimated by the 103 DC* method. Since CFCs and natural radiocarbon are either 104 directly measured or derived from measurements with little 105 ambiguity, this suggests that either the models are making 106 fundamental errors simulating these transient tracers or that 107 the estimated anthropogenic CO 2 is biased.
[2] Understanding the fate of anthropogenic CO 2 is one of 37 the most important goals in global carbon cycle research. 38 Two developments during the last decades have made 39 relatively reliable, data-based estimations of anthropogenic 40 carbon in the ocean possible. One is the generation of a 41 large number of high quality inorganic carbon data from the 42 World Ocean Circulation Experiment (WOCE) and the Joint 43 Global Ocean Flux Study (JGOFS) [Key et al., 2004] . The 44 other is the formulation of the DC* method, which is an 45 empirical procedure to separate the small anthropogenic 46 signal from the much larger, inorganic CO 2 background in 47 the ocean [Gruber et al., 1996] . The DC* method has been 48 applied to all three major oceanic basins [Gruber, 1998 sphere and total emissions from fossil fuel burning and 57 cement production, that the terrestrial biosphere was a net 58 source of CO 2 to the atmosphere by 39 ± 28 Pg-C over this 59 period.
60
[3] The validity of this important conclusion hinges 61 critically on the reliability of the DC*-derived anthropogen-
62
ic CO 2 estimates. The uncertainty reported by Sabine et al.
63
[2004b] accounts for random and mapping errors (i.e.,
64
errors in extrapolating sparsely covered data to a regular
[6] For a parcel of seawater collected at time t = t obs , the 119 DC* method aims to isolate the relatively small anthropo-120 genic CO 2 component C ant (t obs ) from the measured DIC 121 concentration, DIC m (t obs ), by removing: (1) the addition of 122 DIC from the remineralization of organic carbon and the 123 dissolution of CaCO 3 , DDIC bio , and (2) the preformed, 124 preindustrial DIC concentration. The latter is estimated in 125 parts by separating it into a preindustrial equilibrium com-126 ponent, DIC eq (t 0 ) and a preindustrial disequilibrium com-127 ponent, DC diseq (t 0 ). We can thus write atmosphere to the time that it is sampled in the interior.
134
[7] As explained in detail in the auxiliary material 1 and by 135 Gruber et al. [1996] , the crux of the DC* method is to climate between 1765 and 2000 led to a loss of about 9 Figure 1 . A schematic diagram of the DC* method. The upper dash-dotted DIC eq (t) curve indicates the surface water DIC that would be in equilibrium with the rising atmospheric pCO 2 for a parcel of seawater (i.e., fixed temperature, salinity, and alkalinity). The lower solid curve is the theoretical surface DIC, offset by a fixed distance from the upper curve. The shaded boxes and arrows indicate the movement of a parcel of seawater from the time t that it was last at the surface (C) to a subsequent time t obs that it was sampled in the interior (A). The method retraces the water parcel DIC history from A to B by biological corrections and from B to C by age determination. The difference in DIC between B and DIC eq 0 defines DC*. The air-sea CO 2 disequilibrium for time t is given by DC diseq (t), which is the difference in surface water DIC between the actual (C) and the equilibrium DIC eq (t). See auxiliary material for detailed description.
238 Pg-C of carbon from the ocean. Such a loss would not be 239 accounted for by the DC* method. . Fortunately, as long as this error does 287 not change with time for particular water mass, it cancels 288 out when anthropogenic CO 2 is determined.
289
[17] Last, there is little evidence that would suggest that 290 the third assumption regarding Alk 0 is wrong. The satura-291 tion horizon for aragonite has been affected by the invasion 292 of anthropogenic CO 2 [Feely et al., 2004] , but the reported 293 changes are small. The only error of concern is the validity 294 of the linear regression model used to estimate Alk 0 . One 295 possibility that we will later discuss is that most studies used 296 ''PO'' [Broecker and Peng, 1982] as a conservative tracer in 297 their regression models. However, in regions influenced by 298 denitrification, PO is not conservative. [18] The estimation of DC diseq (t 0 ) requires the following 303 assumptions: (1) DC diseq has remained constant through 304 time; (2) CFCs or other age tracers provide accurate 305 ventilation age; (3) regions that do not contain anthropo-306 genic CO 2 can be identified without error; and (4) water 307 type end-members and their mixing ratios making up a 308 particular water parcel can be determined without system-309 atic errors.
310
[19] A justification for the first assumption is that global 311 mean disequilibrium of about 5 mmol kg
À1
, which is needed 312 to account for the oceanic uptake of 2 Pg-C yr À1 of 313 anthropogenic CO 2 in the recent decades, is too small for 314 the DC* method to detect [Gruber et al., 1996] . Recently, 315 Hall et al. [2004] showed that neglecting a change in air-sea 316 CO 2 disequilibrium would cause the DC* method to over-317 estimate the anthropogenic CO 2 uptake. However, this bias 318 is introduced only when DC diseq is determined by DC* t in 319 shallower isopycnal. This bias can be illustrated with a 320 ''shortcut'' method [Gruber et al., 1996] , where the 321 definition of DC* t is combined with equation (1), to give 322 anthropogenic CO 2 directly,
[20] Equation (2) (Figure 2 ).
336
[21] As we will demonstrate in sections 4 and 5, the 
371
[24] The consequence of using a single ventilation age in 
427
[28] We require some adaptations to the DC* method that 428 are specific for our application to the model synthetic data. 429 These include new formulations of preformed alkalinity 430 and a biological correction based on preformed phosphate 431 (instead of N*) in low oxygen waters (see auxiliary 432 material).
433
[29] Since the application of the DC* method is very labor 434 intensive, we apply the method to only a number of 435 representative isopycnal surfaces, which are grouped into 436 three on the basis of how the air-sea CO 2 disequilibrium is 437 estimated. The first category is the ''shallow'' surfaces that 438 only contain waters with pCFC ages of 30 years and 439 younger, and we use DC* t in the shortcut method 440 (equation (2)) to estimate anthropogenic carbon. Data cov-441 erage must be complete in this case, because the shortcut 442 method requires the difference between DC* and DC* t at 443 each data point. We are not concerned with water mixing, as 444 we are in the linear realm of Figure 3 . For these ''shallow'' 445 isopycnals, any mismatch between the simulated and meth-446 od-derived anthropogenic carbon can be attributed to any 447 combination of: (1) uncertainties in the age estimate that 448 would lead to erroneous DIC eq (t), (2) the degree to which 449 the constant disequilibrium assumption is false, and 450 (3) uncertainties in the linearized models of equilibrium 451 DIC (i.e., estimation of DIC eq (t 0 ) and DIC eq (t)).
452
[30] The second category consists of ''deep'' isopycnals 453 that for the most part contain very little or no CFCs. The 454 disequilibrium signal in such ''deep'' isopycnals is assumed 455 
475
The DC*-derived anthropogenic CO 2 concentration is 476 thus likely to be most uncertain for this category. [34] In a case that is arguably the most reasonable, we 515 assume that the fourth water type was formed by a strong 516 vertical mixing with the overlying surface water, whose 517 disequilibrium value can be determined by DC* t . The C ant 518 distribution using the overlying DC* t as the fourth water 519 type disequilibrium (Figure 4b ) is qualitatively very similar 520 to the ''true'' (Figure 4a ). C ant is highest along the southern 521 boundary and then decreases monotonically away from the 522 outcrop region. This feature is evident in the ''true'' and 523 consistent with the penetration of the southern ventilated 524 waters into the interior. The DC* method also captures the 525 entry of anthropogenic carbon in the far northwest. Further-526 more, the method correctly yields the least amount of 527 anthropogenic carbon in the eastern portion of the low 528 latitudes, farthest away from the outcrop regions.
529
[35] Despite the close resemblance in the spatial pattern, it 530 is clear that the derived quantity is larger everywhere than 531 the directly simulated (Figures 4c and 4d) . The deviation of 532 the scatter from the 1-to-1 line is mostly parallel. Indian isopycnal and +2 mmol kg À1 on the Atlantic iso- 
561
[38] Any reason that contributes to the positive, system-562 atic bias of C ant on these ''mid-depth'' isopycnals must 563 account for the fact that the method was applied indepen-564 dently on the three surfaces. It is therefore unlikely, for 565 example, that some particular choice of weighting in the 566 OMP analysis is the reason. Similarly, the denitrification 567 correction using performed PO 4 is probably not the reason, 568 because the correction was applied to restricted, low O 2 569 waters, whereas the bias is basin-wide. As noted in section 2, 570 likely causes of the bias is the temporal change of the air-sea 571 CO 2 disequilibrium and the uncertainty in the pCFC age 572 due to water mass mixing (Table 1) . [39] We demonstrate the application of the DC* method in 576 Indian Ocean to the ''shallow'' isopycnal surface of s q = 577 24.6 ( Figure 5 ). This surface is everywhere shallower than 578 200 m and outcrops in the Arabian Sea near the mouth of 579 the Persian Gulf as well as along the southern boundary. 580 The pCFC age is near zero at these outcrop regions but 581 reaches a maximum of about 25 years in the Bay of Bengal 582 in the northeast. These are consistent with the ''true'' 583 distribution of anthropogenic carbon, which is highest 584 in the outcrop regions and lowest in the Bay of Bengal 585 (Figure 5a ). Somewhat elevated concentrations are also 586 found in the Arabian Sea, where the isopycnal surface 587 comes very close to the surface. Evidently, the entire 588 isopycnal surface has been exposed to the postindustrial 589 atmosphere, because even the Bay of Bengal waters have 590 more than 20 mmol kg À1 of anthropogenic carbon. As 591 shown in Figure 5b , the large-scale features of the C ant 592 estimated by the DC*-DC* t difference at each data point 593 (equation (2)) are consistent with the ''true'' distribution. 594 However, as on the ''mid-depth'' isopycnals, the recon-595 structed C ant on this ''shallow'' isopycnal is everywhere 596 higher than the ''true'' concentrations (Figures 5c and 5d) . 597 The areally weighted, mean positive bias on this Indian 598 isopycnal is 5 ± 4 mmol kg À1 (Table 2) . On the ''shallow'' 599 Pacific and Atlantic isopycnals, the bias is likewise consis-600 tently positive. It is 4 ± 3mmol kg À1 on the Pacific s q = 25.6 601 surface and 7 ± 4 mmol kg À1 on the Atlantic s q = 25.6 surface 602 (Table 2 ). In Figure 5c , the overestimate is most prominent in is 24 ± 1 mmol kg À1 . We assume that this value 636 represents DC diseq on this surface.
637
[42] We derived C ant on this s 2 = 37.02 isopycnal The DC* method was applied to OCMIP-2 PRINCE model ''data'' from simulation year 1994. The specific isopycnal surfaces that we analyzed are indicated by parentheses. Inventory bias is the product of the biased concentration, ''Anth-C bias,'' on each isopycnal surface and the volume that the biased concentration represent. The ''true'' inventory as directly simulated for this simulation year is 99.9 Pg-C for the globe, 36.3 Pg-C for the Atlantic, 20.1 Pg-C for the Indian, and 43.6 Pg-C for the Pacific. The Arctic is excluded. t2.8 648 negative and positive biases is however not the same on 649 other ''deep'' isopycnals. On the Pacific s 2 = 36.9 isopycnal 650 for example, there is no significant bias in old waters (i.e., 651 pCFC ages greater than 30 years; bias is 0 ± 1 mmol kg À1 ), 652 while the positive bias in younger waters is 3 ± 2 mmol kg
À1
. 653 Overall there is negligible bias on this ''deep'' Pacific 654 isopycnal (Table 2) . On the Indian s 2 = 36.6 isopycnal, the 655 negative bias where pCFC age is greater than 30 years is 656 again insignificant (0 ± 1 mmol kg À1 ), while the positive bias 657 in younger waters is 3 ± 3 mmol kg
. The mean bias on this 658 Indian surface is +1 ± 3 mmol kg À1 (Table 2) . [43] There is a clear distinction in our results between 663 the ''shallow'' and ''mid-depth'' versus the ''deep'' iso-664 pycnal analyses. For the first group, whose air-sea CO 2 665 disequilibrium was determined using DC* t , the DC* 666 method consistently overestimates C ant . For the latter, 667 the disequilibrium was determined using DC* far from 689 exhibits large regional differences (Figure 8b) , with 690 the subtropics showing the smallest changes (less than 691 À3 mmol kg À1 ), the high latitudes moderate changes, and 692 the equatorial upwelling regions the largest changes (up to 693 À20 mmol kg
). These regional variations are surprising at 694 first since the flux of anthropogenic CO 2 is relatively 695 uniform (Figure 8c ).
696
[46] However, we can understand the spatial distribution 697 of DDC diseq (t) and its relation to the flux of anthropogenic 698 CO 2 by restating the bulk formula for the exchange of CO 2 699 across the air-sea interface in terms of the anthropogenic 700 perturbations to oceanic and atmospheric pCO 2 : related to changes in surface ocean DIC by the buffer factor, Figure 6 . Comparison of the ''true'' and DC*-derived on the s2 = 37.02 Atlantic isopycnal. See Figure 4 for part descriptions. Atlantic isopycnal. In both panels, the crosses indicate the 1994 DC*. In Figure 7b , open circles indicate the preindustrial DC*. Unit is mmole-C kg
À1
.
775 as DC* t to quantify the air-sea CO 2 disequilibrium. Our 776 analysis for the Pacific isopycnal s q = 26.8 shows that the 777 OMP-derived preindustrial DC* is generally within a few 778 mmol-C kg À1 of the target distribution (auxiliary material). 
782
(auxiliary material). The strong gradient appears to be an ) and net air-to-sea CO 2 flux (Pg-C yr
À1
). The disequilibrium represents the difference between model-simulated, surface DIC concentrations and theoretical equilibrium concentrations calculated using the observed atmospheric pCO 2 and simulated surface temperatures, salinities, and alkalinity. (b) Global map of the change in the air-sea CO 2 disequilibrium (DDC diseq in Figure 2 , mmol-C kg 
[55] The proportionality factor is given by the ratio of a 841 constant b and the air-sea gas exchange coefficient, k ex .
842
Equation (5) 
